Purpose -To present the application of a business model for holistic uncertainty management for twenty-first century manufacturing enterprises. Design/methodology/approach -A questionnaire survey is carried out to UK manufacturing enterprises to collect relevant data, and analysis of variance (ANOVA), correlation analysis and cluster analysis are performed to infer the results. Findings -It can be concluded that different manufacturing environments suffer different effects of underlying causes of uncertainty on product tardy delivery. The product tardy delivery performance in make-to-order (MTO) manufacturing environment is found significantly affected by a wide range of underlying causes of uncertainty. It is interesting to find that mixed-mode (MM) manufacturing environment has an opposite outcome. Correlation results provide significant evidence that underlying causes of uncertainty do not have linear association with product tardy delivery. This finding reinforces the proposition that the effects of uncertainty are difficult to quantify due to the compound effect. The cluster analyses of the business environmental factors of the manufacturing enterprises in MM, make-to-stock (MTS) and MTO environments found that size of enterprise, product variety, product complexity, number of parts, ratio of buy vs make parts, the use of rough-cut capacity planning, and the use of buffering or dampening techniques in production, influence the effects of underlying causes of uncertainty on product tardy delivery. Research limitations/implications -Only UK manufacturing enterprises are investigated. The results will be relevant to MTO, MM and MTS manufacturing environments. Practical implications -The application of the business model has provided useful knowledge to MM, MTS and MTO manufacturing enterprises on which underlying causes of uncertainty are significantly affecting their product tardy delivery performance. Originality/value -A holistic approach such as the business model has given a solid foundation for the enterprises to evaluate their performance. Using the knowledge of significant underlying causes of uncertainty, the enterprises could then prioritise the effort and devise suitable buffering or dampening techniques.
Introduction
The fast changing and uncertain manufacturing environments in the twenty-first century require enterprises to be agile and responsive in the conditions of change and uncertainty. Agile manufacturing can be defined as the capability to survive in an environment of continuous and unpredictable change by reacting quickly and effectively to changing markets, driven by customer-designed products and services (Gunasekaran, 1998) . Manufacturing responsiveness relates to the ability of manufacturing systems to make a rapid and balanced response to the predictable and unpredictable changes that characterise today's manufacturing environments (Gindy, 1998) . Uncertainty can be defined as unpredictable events in manufacturing environment that disturb operations and performance of an enterprise . Some studies had referred to this uncertainty as disturbance (Lindau and Lumsden, 1995; Frizelle et al., 1998; Saad and Gindy, 1998) . Regardless of the terms used, this research complemented each other in a way that aims to minimise the effects, as uncertainty and disturbance will result in unpredictable change in a manufacturing environment.
In the new economy that thrives business excellence, it is no longer enough for enterprises to just being able to survive and sustain their positions in the competitive market. In today's twenty-first century manufacturing enterprise, customers demand shorter lead time, near perfect or even perfect delivery service, reduction of product life cycles and increasing customisation. Hence, they must rapidly improve their enterprises' performance, and adapt to change and uncertainty, showing to their shareholders and customers that they are at the forefront of the economy. Taking corrective action in minimising the effects of uncertainty may not be agile and responsive to uncertainty, because the effects may have already propagated to other parts or schedules in manufacturing, which will subsequently result in product tardy delivery.
The problem, which was examined in this paper, is how can a twenty-first century manufacturing enterprise manages uncertainty using a more holistic approach, considering the diverse range of uncertainties that could disturb the production.
Literature review
This problem has driven much research to examine suitable techniques to manage uncertainty. Comprehensive review of research in this area can be found in Guide and Srivastava (2000) and . These review suggested that past researches use a range of buffering or dampening techniques to tackle uncertainty. Through a questionnaire survey, Koh et al. (2000b) reinforced this finding and also showed that practitioners use similar techniques. Safety stock and safety lead-time were found to be robust to various uncertainties. However, a clear solution for a certain type of manufacturing environment has not been identified.
Through simulation experiments, Pandey and Hasin (1998) proposed the use of process lead-time adjustment to tackle scrap and rework in manufacturing due to the difference between planned scrap level and actual scrap level. The process lead-time adjustment technique was limitedly applied to reduce scrap level, but further exploitation of the technique can be made to tackle other uncertainties. Grubbstrom and Molinder (1996) suggested the use of safety production plans to deal with demand uncertainty. The safety production plans incorporate the consideration of safety stock and safety lead-time, were derived from Laplace transform methodology (LTM). It was identified that as uncertainty in demand on the highest level of a multi-level system increases over time, it amplifies the uncertainty in the current production schedules at the lower levels. Despite the fact that there might BIJ 75629-16/7/2005-RAVICHANDRAN-155850 BIJ 12,4 well be time to reschedule the top-level plan before it is realised, they proposed that it is important to capture the effects of cumulative uncertainties in external demand at the highest level. Hence, they suggested that the future cumulative demand uncertainties have to be dampened by using safety production plan. Sridharan and LaForge (1989) examined the impact of safety stock on schedule instability, cost and service. It was concluded that efforts to reduce set-up costs and improve forecast accuracy are useful techniques to buffer or dampen schedule instability. Their simulation results suggested that safety stock should be used with caution if it is introduced for the purpose of stabilising schedules. They reported that more nervousness might be produced when using safety stock. It was identified that safety stock is ineffective when demand is highly uncertain.
These review showed that researchers are proposing and practitioners are prepared to provide suitable buffering or dampening techniques to deal with the changes caused by uncertainty in manufacturing enterprises. The current approach in managing uncertainty prevents further examination on why such uncertainty exists and it does not enable a holistic approach to manage the underlying causes. A holistic approach means being able to dynamically consider the possible uncertainties and the causes, and to diagnose the significant underlying causes with reference to the effects on product tardy delivery, before suggesting the suitable buffering or dampening techniques.
Performance measurement and benchmarking are the main techniques that have been used by many leading researchers and practitioners on improving enterprises' performance (Camp, 1989; Zairi, 1998; Davies and Kochhar, 1999; Gunasekaran et al., 2001; McAdam and Kelly, 2002) . Neely (1998) suggested that measuring performance of enterprises would enable areas of improvement to be prioritised and actions to be taken. It was found from several simulation studies Saad, 2002, 2003) that some of the effects of uncertainty on product tardy delivery are difficult to measure and this was called the compound effect. The main findings were that product tardy delivery cannot be measured by sequentially summing the total tardiness resulted during the production, because the same product may have been delayed by several different uncertainties, and the effects during the production will affect other products that share the same resources to be delayed. Therefore, the effects of uncertainty on product tardy delivery could be compounded. Hence, the buffering or dampening techniques will only protect the effects of uncertainty on product tardy delivery to a partial level.
We do not need to measure everything that can be measured; we only need to measure things that matter. Following with these concepts in bridging the research gaps identified from the review, we applied a business model for holistic uncertainty management for the twenty-first century manufacturing enterprises in the new economy.
Business model A business model that structures and relates uncertainty in cause-and-effect was developed, verified and validated using a combinatorial methodology of questionnaire surveys, analytical experiments and simulation experiments . The aim of the business model was to accentuate the underlying causes of uncertainty that significantly affecting product tardy delivery in certain manufacturing environment, so that a manufacturing enterprise could prioritise the attention in finding the suitable buffering or dampening techniques to manage the causes that matter. It was hypothesised that certain types of manufacturing environment will experience similar significant underlying causes of uncertainty, based on previous study (Koh et al., 2000a ) that also found mixed-mode (MM) manufacturing environment suffers from a greater effect of uncertainty than make-to-stock (MTS) and make-to-order (MTO) environments. Therefore, we envisaged that the underlying causes of uncertainty in a specific manufacturing environment might have similar effects on product tardy delivery. The hypothesis of this research can be written as:
where m 1 is the significant uncertainty in MM environment, m 2 the significant uncertainty in MTS environment, m 3 is the significant uncertainty in MTO environment.
The business model was applied in this research in two ways:
(1) to collect data from manufacturing enterprises in MM, MTS, MTO environments, and (2) to analyse the effects of the underlying causes of uncertainty (structured in the business model) on product tardy delivery in MM, MTS and MTO manufacturing environments.
The data that were collected are in the forms of percentage contributions of the underlying causes of uncertainty (structured in the business model) on product tardy delivery. The lower the percentages, the lower the contributions on product tardy delivery, and vice-versa. A questionnaire survey was used to collect the data and a sample of 126 UK manufacturing enterprises were contacted and sent the questionnaire. Questionnaire survey was used for this purpose because it generally enables vast amount of quantitative data to be collected. A total of 108 UK manufacturing enterprises responded, and 65 of these were interviewed in order to validate the responses in the survey. Not only the survey attempted to find whether these enterprises experience similar significant underlying causes of uncertainty and have similar effects on product tardy delivery, a range of other business environmental factors including size of the enterprise, the type of industry sectors that the manufacturing enterprise is competing in, the variety of the product range, the complexity of the product and hence its production process, the number of parts that need to be dealt with in planning and production, the ratio of bought-out vs made-in parts, use of rough cut capacity planning to determine capacity requirement, and the extent of use and satisfaction of buffering or dampening techniques and philosophies were also examined. The aim of this examination was to give further insights on other influential factors that may affect the findings. To holistically manage uncertainty in a manufacturing enterprise, not only the knowledge of which underlying cause of uncertainty are likely to result in BIJ 75629-16/7/2005-RAVICHANDRAN-155850 A business model product tardy delivery do needs to be known in advance so that appropriate buffering or dampening techniques can be applied, the business environmental factors of the enterprise also need to be considered because these may affect the decisions on the buffering or dampening techniques. Cluster analysis was carried out using SPSS statistical package to infer the survey results in this aspect. Analysis of variance (ANOVA) was carried out using SPSS to analyse the effects of the underlying causes of uncertainty (structured in the business model) on product tardy delivery in MM, MTS and MTO manufacturing environments. To prove the alternative hypothesis (H 1 ) that certain types of manufacturing environment will experience similar effects of underlying causes of uncertainty, or, different manufacturing environment will experience different effects of underlying causes of uncertainty on product tardy delivery, the ANOVA results will have to show a significant difference ð p , 0:05Þ that the underlying causes of uncertainty have an effect on product tardy delivery. Correlation analysis was also carried out in SPSS to infer the linear associations of the relationships of underlying causes of uncertainty to product tardy delivery. The correlation analysis will also identify any linear association between the underlying causes of uncertainty. A 95 per cent confidence level was used in the correlation analysis. The aim of the correlation analysis was to show that effects of uncertainty on product tardy delivery might be difficult to quantify due to the compound effect.
To enable continuous improvement in delivery performance, the level of product tardy delivery (minimum amongst the enterprises in the specific manufacturing environment) of the best-performed manufacturing enterprise will be benchmarked. The business environmental factors of the benchmarked enterprise will become the best practices, which can then be learnt and adapted by enterprises in similar manufacturing environment.
Results, analysis and discussions

Significant uncertainty
Results from the one-way ANOVA showed that a different group of underlying causes of uncertainty significantly affects the product tardy delivery performance in MM, MTS and MTO manufacturing environments. Since these underlying causes of uncertainty and the effects could occur at a different time in a manufacturing environment, one-way ANOVA was conducted to give an overview of which underlying causes of uncertainty are found to be more significant than the others. Table I summarises the ANOVA results for MM, MTS and MTO environments.
The number of respondents in MM, MTS and MTO environments were found to be 44, 31 and 33 UK manufacturing enterprises, respectively. The overall results suggested that different types of underlying causes of uncertainty significantly affect the product tardy delivery in different manufacturing environment. The results also showed that the effects and the ranges of underlying causes of uncertainty in MTO manufacturing environment appear to be significantly higher than in MTS and MM environments. This finding contradicted with the finding in (Koh et al., 2000a) . These differences were due to a more general and wide ranging sample used in this study as compared to the previous focus on enterprise resource planning (ERP)-controlled manufacturing enterprises. 
A business model
The findings from ANOVA were that MTO, MTS and MM manufacturing enterprises could now use this knowledge as a guideline to prioritise the effort in devising suitable buffering or dampening techniques to manage uncertainty. This approach of managing uncertainty will be more holistic because the possible ranges of underlying causes of uncertainty that significantly affect product tardy delivery could be managed in conjunction with one another when deciding upon the suitable buffering or dampening techniques. Table II summaries the results of the correlation analysis for MM, MTS and MTO manufacturing environments. The correlation analysis identified that the linear association of the underlying causes of uncertainty with product tardy delivery in MM, MTS and MTO manufacturing environments were found to be weak. This finding was expected due to the difficulty in capturing the compound effect of the uncertainties on product tardy delivery. Some inverse correlations were also found, indicating that simply reducing the levels of uncertainty may not reduce the effects on product tardy delivery. Additionally, we also found that some of the underlying causes of uncertainty were directly and inversely correlated with one and others. This further reinforced the proposition of this research that the effects of uncertainty on product tardy delivery are non-linear and hence simply cumulating the total percentages of product tardy delivery as a form of performance measure is inadequate in managing uncertainty.
Effects quantification
The correlation results did not intend to prove or disprove the cause-and-effect relationships between the uncertainties, it showed the existence or otherwise a linear relationship between them and on product tardy delivery. In this case, the correlation results clearly indicated that some underlying causes of uncertainty have moderate-weak linear relationships on product tardy delivery, but majority of the underlying causes in each manufacturing environment does not show such a relationship. The correlations were found mainly in MTS and MTO manufacturing environments. This showed that MM environment is significantly affected by the compound effect.
Business environmental factors
The business environmental factors in a manufacturing enterprise may affect the product tardy delivery performance even if the significant underlying causes of uncertainty were managed. Eight business environmental factors were examined. Table III shows the results from cluster analyses on the degree of influence of these business environmental factors in MM, MTS and MTO manufacturing environments.
The results clearly showed that product tardy delivery performance in medium and large MTO and MM manufacturing enterprises are significantly affected by the underlying causes of uncertainty found from the use of the business model. In MTS environment, small and large manufacturing enterprises were found to be more influential. The type of industry sectors that a manufacturing enterprise is competing in was found to be not influential in determining the effects of uncertainty due to the mix of sectors and the spread of number of enterprises in each sector. It was found that MM, MTS and MTO manufacturing enterprises with minimum and high product variety will likely be affected by the underlying causes of uncertainty that were found in each environment. It was expected that manufacturing enterprises that produce highly complex product are likely to be affected by the significant underlying causes of uncertainty. This was proven from the results, which showed no difference amongst MM, MTS and MTO environments. It was found that MM and MTS manufacturing environments that produce less than 5000 parts are likely to be influenced by the effects of the significant underlying causes of uncertainty found in these environments. There was a fairly high probability that a MTO manufacturing enterprise, which produces more than 5000 parts, will be affected by the significant underlying causes of uncertainty found in this environment.
The results evidenced that MM, MTS and MTO manufacturing enterprises that use more than 50 of bought-out parts in production are likely to be affected. Despite this finding, yet still many other underlying causes of uncertainty (as opposed to external supply) were found to be significant. Therefore, the larger the buy vs make ratio will not guarantee a manufacturing environment, which will be affected by less uncertainty. Majority of the MTS and MTO enterprises were found to abandon the use of a rough-cut capacity plan. Nonetheless, a slightly larger number of MM enterprises used this type of capacity planning. These findings showed that the use of rough-cut capacity planning influences the effects of the underlying causes of uncertainty on product tardy delivery in MTS and MTO manufacturing environments given that plan overload were found to be a major problem in these environments.
The results clearly showed major underperformance of the buffering or dampening techniques used by these manufacturing enterprises in managing uncertainty. A few enterprises felt that the use of these techniques could be further improved, but were generally satisfied with the performance.
Benchmarking
To enable the performance results and knowledge of underlying causes of uncertainty to be learnt by similar manufacturing enterprises for product delivery improvement, benchmarking the performance of the enterprises will be useful. To initialise this process, we chose an enterprise from each manufacturing environment, which has the minimum percentage of product tardy delivery. The percentages of their product tardy delivery was then benchmarked against those that were achieved by their counterparts in each manufacturing environment. The influential ranges of the business environmental factors of the best-performed enterprises were then suggested as the best practices in the manufacturing environment within which the business model for uncertainty management was proven to be useful in providing a set of possible underlying causes of uncertainty that may significantly result in product tardy delivery.
This approach will enable manufacturing enterprises with similar business environmental factors to learn to manage the underlying causes of uncertainty that will significantly result in product tardy delivery. This type of benchmarking will thrive the enterprises to continuously improve their performance, learn and adapt best practises and hence move the enterprises to the new economy with greater confidence. The results and knowledge will be shared between the enterprises. BIJ 75629-16/7/2005-RAVICHANDRAN-155850 A business model
Since the performance of the enterprises will change overtime, it is vital in this approach to measure the change along the entire process of benchmarking. Study in this area has been carried out and further details will be published in the near future.
Conclusions and implications
This paper presented the application of a business model for uncertainty management in the new economy for twenty-first century manufacturing enterprise. A questionnaire survey was carried out to the UK manufacturing enterprises to collect data in order to prove the hypothesis that product tardy delivery is significantly affected by different underlying causes of uncertainty in different manufacturing environments (MM, MTS and MTO). The study also examined whether the underlying causes of uncertainty are linearly correlated to product tardy delivery. Further examination was also made to show whether different business environmental factors have any influential effect on product tardy delivery performance in a manufacturing enterprise.
ANOVA results confidently proved the hypothesis, and it can be concluded that different manufacturing environments suffer different effects of underlying causes of uncertainty on product tardy delivery. The product tardy delivery performance in MTO manufacturing environment was found significantly affected by a wide range of underlying causes of uncertainty. It was interesting to find that MM manufacturing environment has an opposite outcome. This could be due to the effective use of buffering or dampening techniques in the sample used. Further analysis will be made in investigating the types of techniques and how they were applied in such environment.
Correlation results provided significant evidence that underlying causes of uncertainty do not have linear association with product tardy delivery. This finding reinforced the proposition that the effects of uncertainty were difficult to quantify due to the compound effect. The significant correlations between some underlying causes of uncertainty further suggested that the effects were compounded and cumulating the total percentages of product tardy delivery as a form of performance measure was inadequate in managing uncertainty.
It can be concluded from the cluster analyses of the business environmental factors of the manufacturing enterprises in MM, MTS and MTO environments that size of enterprise, product variety, product complexity, number of parts, ratio of buy vs make parts, the use of rough-cut capacity planning, and the use of buffering or dampening techniques in production, influence the effects of underlying causes of uncertainty on product tardy delivery.
A holistic approach for managing uncertainty was required and hence we proposed the use of the business model for uncertainty management. It can be concluded that the application of the business model has provided useful knowledge to MM, MTS and MTO manufacturing enterprises on which underlying causes of uncertainty were significantly affecting their product tardy delivery performance. Using this knowledge, the enterprises could then prioritise the effort and devise suitable buffering or dampening techniques. The importance of prioritising the effort in managing uncertainty was stemmed from the finding that there is no linear correlation between underlying causes of uncertainty and product tardy delivery. Hence, reducing the level of a certain underlying cause may not reduce the level of product tardy delivery.
The benchmarking of the best practices was to provide a means for continuous improvement, particularly when the knowledge of the significant uncertainty will be shared and the knowledge on influential business environmental factors can be learnt and adapted.
To thrive for business excellence in the new economy, this research showed that a holistic approach such as the business model gives a solid foundation for enterprises to evaluate their performance.
